Abstract Some well-preserved ichthyosaurs found in the Early Jurassic Posidonienschiefer Formation at Holzmaden (Germany) have puzzled palaeontologists for a long time: their skeletons are exceptionally well preserved and their bones are almost all in situ, but the bones of their embryos are scattered, partly beyond the body limits of the mother. This has been explained initially by bottom currents and later by a displacement of already disarticulated embryos during the expulsion of putrefaction gases through the disrupted body wall of the mother. It was postulated recently that this latter hypothesis is not tenable. It is argued here that both hypotheses are not tenable in their original form, but that carcass implosion may explain the various enigmatic features.
Introduction
In a contribution by Reisdorf et al. (2012) to the special issue of this journal devoted to taphonomic processes in terrestrial and marine environments (Wuttke and Reisdorf 2012) , the postmortem fate of large lung-breathing marine vertebrates was dealt with. One of the aspects in this work that are of special interest for palaeontologists is the analysis of the event(s) that has led to the relatively common occurrence of (almost) intact skeletons of female ichthyosaurs, with bones of foetuses scattered nearby but outside the mother skeleton. As an example, Reisdorf et al. (2012) mention a skeleton of a Stenopterygius specimen from the Posidonienschiefer (= Posidonia Shale) Formation at Holzmaden (Germany), stored at the Staatliches Museum für Naturkunde Stuttgart as number SMNS 50007 (Fig. 1) .
The, at first sight, abnormal position of the inarticulate bones of several foetuses outside the body, at both the dorsal and the ventral sides, of the pregnant ichthyosaur (as proven by the presence of some more foetuses inside the skeleton) has drawn the attention of palaeontologists for more than a century. Their position was explained at the time (Osborn 1905) as a result of the activity of bottom currents, but later a more spectacular origin ('carcass explosion') has been proposed (Keller 1976; Martill 1993) , viz. an eruption caused by an increasing pressure of putrefaction gases inside the decomposing body (resulting from microbial activity), strong enough to blow the embryos-together with intestines, etc.-out of the mother's body, but not strong enough to destroy the still articulated skeleton of the adult. Böttger (1990) detailed this further by ascribing the foetus bone positions to the displacement of the already disarticulated foetus embryos during the expulsion of putrefaction gases through the ruptured body wall of the mother. As Reisdorf et al. (2012) state: "In spite of the lack of (direct) evidence for these processes, these ideas have never been questioned". Reisdorf et al. (2012) attack the above putrefaction gases hypothesis, and come to the conclusion that this hypothesis is not tenable, at least not for the fossils preserved in the Toarcian (Early Jurassic) Posidonienschiefer Formation. Unfortunately, they do not explicitly state what other process(es) might be responsible for the foetus bones outside the mother skeleton, but they seem implicitly to adhere to the original bottom-current hypothesis of Osborn (1905) . Why the advocates of the putrefaction-gas hypothesis did not agree with the bottom current hypothesis, is not discussed.
Putrefaction gases hypothesis under fire
These authors come to their conclusion based on what seem to be sound physical data. For the purpose, they carried out (1) a literature study on the depositional conditions of the Posidonienschiefer Formation, a black shale that has yielded numerous well-preserved fossils, including >3,000 specimens of marine vertebrates, among which numerous ichthyosaurs; and (2) they evaluated the most probable characteristics of ichthyosaurs.
The Posidonienschiefer conditions
The Posidonienschiefer Formation was deposited at 50-150 m depth (Röhl et al. 2001 ) and consists of black shales, which is attributed to a stagnant basin (Pompeckj 1901 and many others) . The shales are finely laminated and lack bioturbation, which points to oxygen-deficient conditions at the bottom; this might explain why the skeletons of so many ichthyosaur and other marine vertebrates have been found (almost) completely undisturbed: the bottom conditions were-at least most of the time-unfavourable (if not hostile) for potential scavengers.
The bottom, which was 50-150 m deep (important for the attack by Reisdorf et al. (2012) on the putrefaction gases hypothesis), and the topmost decimetres of the bottom sediments would, according to some authors, have been 'soupy' during some intervals, probably nearly fluid (Hofmann 1958; Martill 1993) . This would have enabled ichthyosaurs and other vertebrates that had sank to the bottom to become embedded in the bottom sediment (Schimmelmann et al. 1994) . Smith and Wuttke (2012) , however, are critical concerning this way of embedding, and-as will be indicated below-their critical evaluation is justified. Seilacher (1982) had already noticed that organic-rich, muddy sediments such as the Posidonienschiefer tend to accumulate under tranquil conditions, but Reisdorf et al. (2012) argue-like several others (Kaufmann 1981; Röhl and Schmid-Röhl 2005; Schieber et al. 2007 )-that some evidence of weak to moderate currents indicates changes in the depositional environment. These currents might have eroded some of the smaller bones, although-as Reisdorf et al. (2012) agree-the cohesive bottom sediments would have required a relatively strong current, depending on the degree of the sediment's consolidation. The resistance against erosion might, however, be increased by bacteria/particle interaction (cf. Widdel 1988; Black et al. 2003) . Moreover, the high sedimentation rate of 4 mm per 1,000 years (for compacted sediments) might have favoured dewatering of the originally soupy substrate. Under such conditions, Reisdorf et al. (2012) follow authors (e.g. Blob 1997; Boaz and Behrenmeier 1976; Lam et al. 2003) who argue that bones of the thorax and the appendages begin to move at velocities "as low as 0.2-0.4 m/s". Thus, ichthyosaur bones could have been transported by bottom currents, but-according to Reisdorf et al. (2012) -without eroding mud.
Also important for the putrefaction gases hypothesis is the temperature, as putrefaction rates decelerate with decreasing temperature (Bonhotal et al. 2006; Dickson et al. 2011; Robinson et al. 1953) . The water temperature at the bottom of the epeiric sea in which the Posidonienschiefer accumulated is not known, but the surface-water temperature has been estimated to have fluctuated between 25 and 30°C (Röhl et al. 2001) . Since the water depth (50-150 m) was limited, the bottom-water temperature was probably high enough (probably even favourable) to allow putrefaction gases to develop.
Ichthyosaur characteristics
Ichthyosaurs probably lived spread over all oceans (McGowan 1978) and numerous well-preserved specimens have provided Fig. 1 Example of a female Stenopterygius from the Posidonienschiefer Formation at Holzmaden (specimen SMNS 50007; image by courtesy of Staatliches Museum für Naturkunde Stuttgart) with several embryos still inside the skeleton of the mother body, but also with several disarticulated embryo bones outside the ventral part of the body, possibly expulsed by turbulent water that originated from carcass implosion after a scavenger had eaten away part of the flesh of the mother body at the ventral side detailed information about their anatomy. The absence of ossified tracheas indicates that they must have been able to dive to great depth, even exceeding 500 m (Humphries and Ruxton 2002; McGowan and Motani 2003) ; more or less ossified trachea limit the diving depth (Mason and MacDonald 1986; Tarasoff and Kooyman 1973; ) . Ichthyosaurs must thus have been able to dive to the bottom of the 'Posidonienschiefer Sea', in spite of the fact that their bodies had a lower density than seawater (McGowan 1992; Taylor 1987 Taylor , 2001 ).
Because of this low density, it has hitherto been presumed that dead ichthyosaurs drifted for some time at the sea surface, during which time their preservation quality decreased (Fröbisch et al. 2006; Long et al. 2006; Martill 1986 ) and putrefaction gases developed. Either by leakage of these gases, or by bursting (Cruickshank and Fordyce 2002; Kuhn-Schyder 1974) -commonly called 'carcass explosion'-they eventually sank to the bottom.
Carcass explosion physically impossible
On the basis of the above data and considerations, Reisdorf et al. (2012) state that they can falsify the putrefaction gases hypothesis. Their main argument is the presumed impossibility of a carcass explosion at the bottom of the Posidonienschiefer Sea. They deduce this impossibility from measurements (at the Institute of Forensic Medicine in Frankfurt; Bux et al. 2004 ) of the pressure that built up in 100 human corpses. The intra-abdominal pressures did not exceed 0.035 bar (3.5 kPa). Even though the pressure became twice as high in goat corpses, this is far too low to allow carcass explosion at a depth of tens of metres, as the above values are equivalent to the pressure by a water column of only 35 and 79 cm. For a carcass explosion at 50-150 m depth, the pressure of the putrefaction gases in the ichthyosaur bodies should have been 5-15 bar (0.5-1.5 MPa), which seems physically impossible.
As alternatives, Reisdorf et al. (2012) present two models, in which the burial depth of the bodies (0-100 % covered by sediment) plays an important role. In this context, they also build on the assumption that the palaeoenvironment at the time was neither entirely nor continuously anoxic (cf. Kauffman 1981; Röhl et al. 2001 ).
Questionable aspects
Obviously, Reisdorf et al. (2012) are correct in their calculations that indicate that a natural carcass explosion at the bottom of the Posidonienschiefer Sea was unlikely or even-and much more probable-physically impossible. There are, however, quite a few points to which they do not give due attention, or where their argumentation is inconsistent. This does not imply by definition that their hypothesis that carcass explosions cannot account for the ichthyosaur with embryos outside the mother body is wrong, but their evaluation is not complete and does not fully explain some of the features. This is fairly surprising, since they seem so close to a much more likely explanation, that will be dealt with below. This requires first, however, a discussion of their assumptions regarding the depositional environment, and in the second place their deductions with respect to the (im)possibility of carcass explosions at the bottom of the Posidonienschiefer Sea.
Discussion of the depositional environment Reisdorf et al. (2012) argue that the sea was largely anoxic, which was favourable for the preservation of bodies of marine vertebrates; such bodies must have been a potential free meal for scavengers, but no traces of scavengers are known from the formation. This might, indeed, indicate an anoxic environment. Some remarks by Ronald Böttcher (personal communication, 27 November 2012) are, however, relevant in this context. He mentions that no signs of vertebrate scavengers have been found in the Posidonienschiefer, and that invertebrate scavengers like crabs must be considered incapable of eating away large parts of an ichthyosaur, and all reptile and fish fossils show simple teeth with a rounded cross-section. It cannot be fully excluded that that some types of sharks (Hexanchoida) have been present and that they were scavengers, but no remnants have been found in the Posidonienschiefer; moreover, the first Hexanchoidia, which indeed appeared earlier (Sinemurian) became common only after the Toarcian Posidonienschiefer, viz. in the Late Jurassic. Böttcher (personal communication, 6 December 2012) also mentions that benthic organisms must have been far too small to open the body of a dead ichthyosaur.
This apparent absence of scavengers may, at first sight, be a strong argument in favour of a continuously anoxic environment, but this is questionable. Many basins have, in the course of their existence, known anoxic phases without (almost) any life; yet, higher life forms were commonly abundant both before and after such anoxic intervals. This implies that such life must have survived, possibly where the conditions were locally still bearable. A change from anoxic to oxic was commonly accompanied by the remigration of life. This may also have happened in the Posidonienschiefer Sea: even short intervals of oxic conditions may have paved the way for large scavengers; that these scavengers left no trace in the Posidonienschiefer Formation may be a consequence of their limited number because the oxic intervals had a short duration.
Where it fits well in their hypothesis, Reisdorf et al. (2012) indeed mention that the environment was neither entirely nor continuously anoxic. This latter situation is probable, indeed, but this requires that a hypothesis about the conditions prevailing when the ichthyosaurs sank to the bottom must be made clear (which Reisdorf et al. 2012 do not) . As will be shown below, this is, however, important for a reconstruction of the sequence of processes that led to the enigmatic position of the embryos.
Another point that is insufficiently made clear by Reisdorf et al. (2012) is the character of the bottom. They assume a 'soupy' bottom sediment, so that the carcass of an ichthyosaur could easily sink down into it and become embedded. On the other hand, however, they consider the bottom-exactly at the time when needed-consolidated enough to prevent mud from being eroded, also at a time that the ichthyosaur skeleton is still so little embedded that bones could be transported by bottom currents.
These two conditions are mutually inconsistent: if the body sediment was soupy enough to make the ichthyosaur become embedded, it cannot have become consolidated enough within a short time span to prevent erosion. It is known from (sub)recent 'soupy' muddy sediments that objects do not sink down into them (not even empty shells with a considerably higher density); even after several centuries, such water-saturated sediments lack consistency and -when a handful is taken-they flow down between one's fingers (Van Loon and Wiggers 1976). Moreover, embedding of an object, not in the form of becoming covered by younger sediments but by sinking down into the substrate, requires a to-and-fro movement by wave action (this is the same process that may cause shipwrecks in shallow seas to become embedded in the sea bottom in a short time). It seems, however, that the bottom of the Posidonienschiefer Sea, with a depth of 50-150 m, cannot have been affected by heavy storms that made so many carcasses dig a hole for themselves so frequently.
Also, in the context of a soupy substrate, the remark by Reisdorf et al. (2012) that dewatering of the sediment was facilitated by the "low net sedimentation rate of 4 mm/ 1,000 years" is important. Such a low sedimentation rate does not imply changing conditions; consequently there is no reason to assume rapid dewatering of the uppermost decimetres of sediment: such dewatering results from the weight of the sedimentary overburden, which was, according to their own arguments, negligible for thousands of years. It seems, therefore, that, if bottom currents would have played a role in the transport of the embryo bones, they must have occurred while the bottom sediment was still soupy. This is inconsistent with their argument that transport of the embryo bones took place when the sedimentary surface was consolidated.
As mentioned above, Reisdorf et al. (2012) do not explicitly mention that the position of the embryo bones just outside the mother body is due to current activity, but they seem to adhere to this theory implicitly. It is difficult, however, to understand how bottom currents could create such a position of the bones. Considering the non-erosional character of the finely laminated muds, the currents must have been slow. At such a depth in a stagnant-water basin, few types of currents tend to occur. One type is constituted by mass flows, but the sediments do not show any signs of such event currents. The other type are currents that follow long-lived patterns, such as contour current (Rebesco and Camerlenghi 2008) . It seems too much of a coincidence that such bottom currents in the Posidonienschiefer Sea were strong enough to erode and transport the bones of the embryos (but not those of the mother animal!), to lose their transport capacity only a few centimetres to a few decimetres away from the mother's body. Obviously, in the course of geological times, such a situation can occur, but it seems statistically not realistic to assume that this happened so many times. Moreover, the specimen depicted by Reisdorf et al. (2012) shows foetus bones at both the dorsal and the ventral side of the mother animal, which cannot be explained by a steady (unidirectional) current. In addition, many of the embryo bones must originally have been covered by a much larger bone of the mother. How did such bones escape if the bones of the adult are still in place?
Discussion of the carcass-explosion conditions With respect to the carcass explosions that would not have been possible at the bottom of the Posidonienschiefer Sea, Reisdorf et al. (2012) are also not consistent in their argumentation. They mention that, in shallow water at temperatures above 4°C, "it is very likely that putrefaction gases would cause carcasses to surface and drift", if not covered by sediment (cf. Moreno et al 1992; Petrik et al. 2004 ), but they also mention that "in marine environments, recent cetaceans and human carcasses may rise from water depths up to 50 m, but never from below 100 m" (cf. Tomita 1975; Tønnessen and Johnsen 1982) . This implies that the depth of the Posidonienschiefer Sea (50-150 m) did not, at least not always, exclude rising from the bottom! It is, although somewhat outside this context, also hard to understand why Reisdorf et al. (2012) come to the conclusion that the ichthyosaur remains might be a proxy for sealevel fluctuations. They come to this conclusion on the basis of an analysis of disarticulated skeletons (they presume that the articulated skeletons immediately sank to the bottom, and that adhesion and sediment weight prevented the lifting due to putrefaction that they elsewhere rule out!). Disarticulated skeletons would be found mainly in sediments deposited during eustatic sea-level rise, whereas isolated bones would be found in sediments deposited during eustatic sealevel fall. The reason would be that, during sea-level fall, the hydrostatic pressure would be so low that putrefaction gases could develop, so that the carcasses surfaced, became scavenged, and sank back as isolated bones. Although it cannot be fully excluded that such a relationship is found (why not in such a long time?), it seems that this relationship cannot have a causal nature.
An alternative interpretation
It was explained above that several aspects make both the putrefaction gases hypothesis and the bottom current hypothesis unlikely. Two alternative hypotheses are presented here, one of which is as equally unlikely as those mentioned above. This hypothesis is that the bones of embryos had been deposited before the body of the adult sank down, partly covering the embryo bones. In this case, the adult would not be the mother of the embryos. Again, this may occasionally have happened during geological time, but it seems not realistic to assume that this happened so frequently that several examples could be found.
The sequence of events could rather have been the following. A pregnant ichthyosaur was dying and sank, for whatever reason, to the bottom. If she was not yet dead when she reached the bottom, she may have struggled for life. During her struggle, she may have given untimely birth to some of the foetuses (a possibility suggested by Ronald Böttcher, personal communication, 27 November 2012) ; this is obvious from fossil SMNS 52036 ( fig. 2a and plate 6, fig. 5 in Böttcher 1990 ). This same fossil, however, also shows some foetus skeletons that must have come out of the mother body in another way, i.e. in the same way as in the case of specimen SMNS 50007 (the specimen depicted by Reisdorf et al. (2012) , and shown here as Fig. 1 ).
This brings us to the most likely alternative hypothesis for the presence of foetus bones outside the mother body. If a dead female ichthyosaur sank to the bottom and the water was warm enough, putrefaction gases would start to develop, but the hydrostatic pressure was too high to prevent surfacing of the body (as correctly argued by Reisdorf et al. 2012 ). This pressure also prevented a carcass explosion. During the short time-spans that the water was not anoxic (see above), large scavengers may have searched the bottom, hunting for food. The dead ichthyosaur would have been a welcome prey, and a scavenger must have started eating from the dead body, most likely at the place where most meat was present and where few bones hampered having a good meal, for instance at the ventral side. Eating through the body in this way, the body wall became thinner, and could at some time no longer resist the pressure exerted on it.
This pressure was, however, in contrast to the putrefaction gases hypothesis in which an overpressure inside the body was assumed, a result of the hydrostatic pressure outside the body, as has been convincingly indicated by Reisdorf et al. (2012) . There was consequently no physical reason for a carcass explosion, but-in spite of the possible presence of putrefaction gases-for a carcass implosion: the pressure of the seawater was so much higher than the pressure inside the ichthyosaur body that it caused the collapse of the body wall that had been partly eaten away. This resulted in a sudden, turbulent inflow of water into the body. An interesting aspect is that the depth of the Posidonienschiefer Sea is not a parameter that significantly influences the possibility of the turbulence inside the ichthyosaur body.
An understandable question is whether an implosion is possible without overpressurised gases. The question is understandable because, in almost every case where people are confronted with an implosion, some gas is responsible. This need not be the case, however, as implosion is a process in which objects are destroyed by collapsing (or being squeezed in) on themselves. Implosion concentrates matter and energy. True implosion usually involves a difference between internal (lower) and external (higher) pressure, or inward and outward forces, that is so large that the structure collapses inward into itself. An example is a submarine being crushed from the outside by the hydrostatic pressure of the surrounding water. This is comparable with the situation of a dead ichthyosaur at the bottom of a sea of 50-150 m depth, if the animal's body is filled only with putrefaction gases.
The implosion will have had two relevant consequences. A first consequence will have been that the sudden 'implosive' inflow of water into the ichthyosaur's body and the accompanying turbulence will have scared the scavenger that had been eating from the body, so that he will have fled away without disturbing the body any further. The second, more important, consequence will have been that part of the foetuses may have been carried along with the turbulent water to outside the body, where they rapidly came to rest because the relatively small-scale turbulence can hardly have affected the water mass outside the body. Obviously, there is no reason to assume that all foetuses were carried along with the turbulent water to outside the mother body, which explains why some of the foetuses' bones are found outside the body, whereas others are still inside.
The small foetuses that were expulsed from the mother body in several directions may have become exposed to the very weak contour (or other) bottom currents that may have been present. These weak currents had insufficient energy to erode the embryo bodies and carry them away, but they must have been capable of re-arranging the position of the embryo bones after these had decomposed.
It thus seems that Reisdorf et al. (2012) were quite close to the solution of the enigmatic position of the embryos that has puzzled palaeontologists for such a long time. There was, indeed, no carcass explosion because that was-due to the pressure difference within and outside the ichthyosaur body-physically impossible. What Reisdorf et al. (2012) did not realise was that this same pressure difference could lead to an implosion. Smith K, Wuttke M (2012) 
